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OBJECT OF RESEARCH :  
The rate of mass transfer between bulk 
phases is often controlled by the rate of mass transfer 
throui the relatively small interfacial region between 
the phases. As little is known about the mechanism 
of mass transfer through the interface, the elucidation 
of this problem will greatly improve our understanding 
of the mass transfer process. 
Conditions, e.g. concentration and 
orientation of solute, at gas/liquid and liquid/liquid 
interfaces in systems where there is no mass transfer 
between phases, have been determined by a study of 
surface and interfacial tensions reepeotively(l). 
Developing logically from this Is the idea that 
measurements of surface and interfacial tension in 
gas/liquid and liquid/liquid systems respectively 
where there is mass transfer between the phases Will 
yield interesting information on the process of mass 
transfer through the Interface. This thesis is 
concerned With the examination of the possibilities in 
this idea with particular reference to the measurement 
of surface tension in various gas/liquid systems 
during absorption. 
At the same time the more oonventional 
approach to the subject, that of measuring rates of 
absorption of gas into liquid of known hydrodynamics, 
is carried out. 
2 . 
REVIEW OF ABSORPTION THEORY. 
Experimental determinations of the rate of mass 
transfer (NA) of a soluble gas from a gas stream into 
a liquid stream without chemical reaction have shown 
that values of NA can always be represented by an 
empirical relationship of the type 
NA a k 	(p 	Pi) 	........... (1) 
where NA = rate of mass transfer of the soluble gas 
from the main stream to the interface, lb.moles/(hr) 
( eq. ft.), 
p = average partial pressure of the solute gas, 
Pj a partial  pressure of the solute gas at the 
interface, 
kG - empirical 
gas film coefficient which 
depends on the diffusivity of the solute 
gas through the bulk gas. 
In a similar manner the mass transfer rate of soluble 
gas into a turbulent liquid is expressed by 
NA 	kL (Cj - u) 	•..... ..... (2) 
where C - mean concentration of solute in the liquid 
stream 
Ci - ooncentratiofl of solute at the interface, 
liquid film coefficient whose value 
depends on the diffusivity of the gas 
through the liquid. 
Equations (1) and (2) have proved useful in correlating 
values of kG and kL,  but they are little used 
practically as values of Pj and oj are not readily 
obtainable. To avoid this snag "overall" coefficients, 
'Cr1' 
3. 
KG and XL,  have been introiced, AtLich r for steady 
state diffusion across two resistances in series, are 
defined by 
Ka (P - Pa) = XL (Ce - C) 	(3) 
where pe  is the partial wesure of solute in equili-
brim with the main liquid stream and 0e  i. 9 the oofloen-
tration of a solution in equilibrium with the main gas 
stream. These overall coefficienta are very useful 
and most absorption data are expressed In these terms. 
Although the arguments and terminology used above are 
drawn from the well-known two film theory of iitman( 2), 
the presence of laminar films, which are an integral 
part of the theory, is not assumed. 
Much of the theoretioal work on absorption has 
been concerned with the derivation of expressions for 
kG and kL In terms of the diffusivity of the solute In 
the gas phase and in the liquid phase respectively. 
The kinetic theory of gases has provided a route to the 
understanding of the meohaniarn of mass transfer in the 
gas phase (3), but the mechanism of mass transfer in 
the liquid phase is not nearly so well understood. 
One of the most important factors In 
determining the amount of absorption of gas by an 
agitated liquid is the hydrodynamics of the liquid. 
Where the liquid is agitated by stirring or flow over 
packing, it is not yet known whether the internal 
agitation of the liquid extends to the surface or 
whether it is damped out in the neighbourhood of the 
surface as at a liquid-solid interface. Because of 
4 . 
this difficulty then, it is not surprising that three 
distinct theories have arisen, each being based on a 
different hypothesis concerning liquid behaviour at 
the interface. La these have been adequately reviewed 
by t*nokwerts (4) they are only considered briefly here. 
Whitman tao film theory (2). The surface layers 
of liquid are assumed to be in laminar flow always 
while the liquid below the surface 18 turbulent. The 
theoretical expression for the rate of mas transfer 
(IA) for absorption without chemical reaction then 
becomes 
1* 	(oj - o)_D 	•••••••• 	(4) 
XL 
where D diffusivity of the solute gas in the liquid 
and XL  is the effective thickness of the stagnant 
layer overlying liquid of uniform composition. 
fltgbie and syetetio surface refreshment (5) 
The liquid flowing down the packing in an 
absorption column is assumed to be in laminar flow 
throughout its depth until it meets a discontinuity 
when it becomes completely mixed. The different 
elements of liquid in laminar flow are thought to 
exist for the same length of time (t) az4(huring this 
time the laminar liquid layer absorbs gas as if it 
were a stagnant layer of infinite depth. The equat-
ion for 1A  on this basis is 
NA M 2( CI - o)JT 	........." (5) 
(c) / 
5. 
(a) ljanokwerts and random surface rene,,al( G). 
The same assumptions as in (b) are mLde 
except that it is assumed that there is no correlation 
between the time for which an element of surface has 
been exposed and its chance of being remixed. A new 
term, the rate of surface renewal i's" is introduced 
to allow for this, and the final equation for NA  then 
becons 
NA - (CI - a) 	[15 	.....s... (6) 
Comparison of equations (4), (5) and (6) 
with the original empirical equation (2) shows that 
has a different physical significance in each of the 
three models. Although the three theories are based on 
different conoeptioni of the hydrodynamics of liquid 
flow, they all give similar predictions on the effect 
of the physico chemical factors, i.e. aj, 0, etc., on 
the rate of bsorptton. 
Molecular diffusion plays an important part 
in all the above theories and on this point Kishinevakil.(7) 
disagrees. He considers that the important mechanisms 
in mass transfer are turbulent and convectional 
dlffusion(8), and that molecular diffusion only plays 
a secondary role. Carrying the argument still further, 
Pratt(9) has postulated that, depending on the thick-
ness of the liquid layer, either molecular or eddy 
diffusion can be the controlling factor in determining 
the maeR transfer rate. Thus, where the gas/liquid 
Interface is near the retaining wall, e.g. in a wetted 
wall ooluuni, the rate of transfer depends on molecular 
diffusion, while in well agitated liquids of aprea- 
6. 
appreciable depth D to negligible in oomparieon with 
the eddy diffusivity (Ed). 
7. 
Theories of mass transfer through the interface. 
Again the Whitman theory(2) based on two main 
assumpti ons, existence of laminar films of liquid and 
gee at the interface, and instantaneous saturation of 
the upper layer of the laminar liquid film by gas, has 
influenced most of the work in this field. 
Mujamoto(lO,ll), however, me unable to apply 
the Whitman theory in a satisfactory manner to his 
results on the rate of oxidation of sodium sulphite 
solution and thus proposed a new theory to a000unt for 
his experimental results. In his theory he assumed 
that some of the molecules of gas colliding with the 
liquid surface were reflected, and that only those 
molecules whose components of velocities at right 
angles to the interface were greater than a threshold 
value,,4o, could penetrate into the liquid phase. 
Similarly, in the liquid only those molecules with 
components of velocity t right angles to the boundary 
greater than the threshold value ,/.4o, could escape 
from the liquid phase. The initial rate of solution, 
i.e. the number of molecules penetrating the inter-
face, was obtained by application of the kinetic 
theory of gases and gives 
, 	2 
__  
(cit Initial 	1" - 2 JTIMRT 	 2RT 
where ____ = initial rate of absorption, A a surface 
area, p = pressure and U st Mol.Wt. of gas. 
The application of the theory depends on experimental 
determinations of/Ac for each gas/liquid system 
studied and therefore the theory has never been fully 
8 . 
developed. 
In most industrial absorption equipment the 
time of existence (t) of a laminar layer of liquid is 
small, t is usually measured in hundredths of a second, 
and thus, as pointed out by Higbte( 5), Whitman's 
assumption of steady state diffusion across the laminar 
layer is questionable. When t is small, the solute 
only penetrates the surface layers of liquid and eddy 
diffusion does not come into play. By applying riok's 
law of diffusion, Htgbie derived the following equation 
for the rate of absorption of pure gas into a stagnant 
liquid, 
= 2(C - C0) 3 	•0• ......(8) 
where ! = amount of gas bsorbed in time t per unit 
area of surface. Ftgbie's experimental results on W 
for the 002/water system were about 50% lower than 
that predicted by equation (8). By assuming a first 
order process for the gas passing through the surface, 
Higbie derived an equation which fitted the experiment-
al results, but he could not give any eplsnation for 
this additional resistance. 
9. 
interfacial Resistance. 
In a recent paper, Emmert and ptgford(12) 
explained the additional resistance, first observed by 
Higbie, by postulating that there was a lack of thermo-
dynamic equilibrium at the interface arising from the 
formation of an intermediate activated state. The 
process can be expressed, after the manner of classical 
reaction rate theory, by 
A( g) 	± 	4( g) (adsorbed) 
A( g) (adsrb5d) ~ A ( 1 
Only those molecules possessing sufficient energy to 
surmount the energy barrier involved will be dissolved; 
the fraction of ga 3 molecules which penetrate the 
interface and become liquid molecules is termed the 
accommodation ooefftotent cK 
Interfacial resistance in liquidJltgutd extraction. 
The problem of interfacial resistance in 
liquid/liquid extraction has been tackled along some-
what similar lines to that on gas abeerption(9). 
Work by Ward and Tordai(13) reviewed by 
Ward(14) on the measurement of interfacial tension 
during adsorption of laurio and palmitto acids at the 
water/n-hexane interface showed that a definite time 
interval was necessary for establishing equilibrium at 
the interface. This time interval could not be 
accounted for by slowness of diffusion alone. 
Calculations by Ward( 14) on Addison' s experimental 
valued 
10. 
valuee(15) for the dynamic surface tension of aqueous 
fatty alcohols yielded a similar result. These 
observations led Ward to suggest that the discrepancy 
was due to an entropy barrier at the interfaoe. A 
more precise thermodynamio description of the aottv-
at ion barriers involved has been given by Ward and 
Brooke( 16) in a reoent paper, but the experimental 
work contained therein failed to deteot an inter-
facial resistance. However, the Lamm soale method 
whioh was used does not function at short times of 
contact (c15 minutes) and it i8 therefore likely that 
equilibrium was reaohed before the measurennts were 
made. An no experimental work of the above type has 
been done on liquid/liquid systems where there is an 
appreciable amount of mass transfer across the inter-
face, the theories outlined have sti11be applied in 
practice. 
11. 
INTRODUCTION TO EXPtRIMNTAL 
During absorption of a gas by a liquid it is 
generally assumed that the concentration of solute in 
the liquid at the interface is in equilibrium with the 
solute partial pressure in the gas at the interface, 
and that the solute is transferred between the bulk 
phases by a process of molecular or eddy diffusion 
or in the more usual case by both. The assumption 
of equilibrium at the interface during short times 
of contact has never been proved experimentally, and 
as there has been some doubt cast upon this assumption 
(5,10), direot experimental evidence on t.ia point 
would be of great value. 
Some SUCCeSS in measuring solute oonoentri.tion 
at the liquid/liquid interface during liquid/liquid 
extraction has been obtained by a study of inter-
facial tenaion(13), so that, by analogy, measurement 
of surface tension at the gas/liquid interface during 
absorption should prove interesting. The author 
thus reviewed, as described below, some of the possible 
methods of measuring surface tension with a view to 
adapting the most suitable to surface tension 
measurements during absorption. 
Methods of measuring aurfeos tension. 
Static methods of measuring surface tension 
are not applicable to the above problem as the gas 
phase approaches equilibrium with the liquid phase 
during the relatively long time taken (oa. 10 seas.) 






(b.) 	 (c.) 
f = 094, 	 150, 	 492ccs.Isec. 
Photographs of jet at various 	flow-rates(f.). 
Magnification x2. 
ILLUSTRATION NO. 1 .  
measuring surface tension must therefore be used. 
surface potential measuremente( 1718). 
In this method the potential difference between 
a radioactive electrode placed immediately above the 
liquid surface and a oalomel half cell in contact with 
the liquid is measured with a valve electrometer. 
This gives the surface potentia1,and the change in 
surface potential of a pure liquid brought about by 
the addition of solute is proportional to the number 
of solute molecules in the liquid surface. The 
radio-active probe can be placed over a stagnant 
surface, a trough containing liquid in laminar flow,or 
near a jet surfaoe(18). This method, however, is 
limited to aqueous solutions; also the presence, 
during absorption experiments, of a ooncluoting gas 
which would probably interfere with measurements, 
disallows the method. 
Oscillating _jet( 19,20) . 
A horizontal jet produced from an elliptical 
orifice oscillates so that its cross section passes 
regularly from circular to ellipsoidal all along its 
length. The wave length of oscillation depends on 
the surface tension of the liquid. This type of jet, 
which would have a contact time of 0.005-0.10 sees. 
when used in gas absorption, could be adapted to 
surface tension measurements during absorption. 
Contradting jet. 
In a recent paper ddieon nd Elliot(21) 
described a vertical laminar liquid jet produced from 
a circular orifice (0.0. 1.5 0mB.) whose radius of 
13. 
curvature near the orifice depended mainly on the 
surface tension of the liquid. This jet, having 
many attractive features, was used in the author's 
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EXPERIMENTAL - PART I 

1 
DESCRIPTION 07 APPARATUS: 
The apparatus used to produce the vertical jet, 
photographs of which are shown in illustrations la to 
10 (facing page a), in presented diagraninattoelly in 
ftg.I opposite. Details of construction of the 
apparatus are as follows:- 
The jet-tube aeaembly(AC). liy careful selection from 
the stock of pyrex glass tubing with an o.d. of 15 mm. 
approx., a two foot length was found which was exactly 
circular. The tube end was ground flat, at right 
angles to its length, to make the jet orifice. After 
accurate measurement of the orifice diameter with a 
travelling microscope (found o.d. 14.58 mm., wall 
thickness 1.30 mm.) the jet tube was fixed in the 
levelling device B and attached by rubber tubing to 
the other limb of the syphon at C. Application of 
pressure to the feed limb D,previously filled with 
liquid, produced the jet which was then constantly 
supplied by the syphon E which was, in turn, fed by 
the constant head of liquid at F. The symmetry of the 
liquid jet was carefully adjusted by means of the 
levelling device. After alignment of the jet and 
clamping of the jet tube in position, the rubber joint 
at C was removed and a glass to glass seal made. 
Subsequent adjustment of aliment was slight and the 
glass spiral in the feed limb was sufficiently 





ILLUSTRATION NO. 2. - 
The levelling device (b). This consisted of two 
triangular brass plates (10 cm. sides) separated by 
springs on threaded guides. The lower plate of B 
through which tha jet tube passed freely was clamped 
in position and the upper plate to which the jet tubs 
was rigidly fixed could be adjusted to any desired 
level by means of nuts on the threaded guides. 
The absorption box. The jet was enclosed in the 
perspex box shown in illustration 2. 	The absorption 
chamber (2" x 24" x 311) was fitted with an upper 
inlet gas port and two lower gas outlet ports, which 
were turned from " D.perspex rod to fit B.14 quick-
fit sockets. Gas, after passing through the stain-
less steel gauze, travelled co-current to the liquid 
jot. .& simpler gas tight joint for the jet tube 
than the one shown in illustration 2 was used in 
practice; it consisted of a paper washer impregnated 
with shellac, which was placed in position, given 
several coats of shellac, and then allowed to dry. 
The lower, liquid, chamber (24" z 	x li") had a 
411 x 4" flange which formed a seal between liquid and 
gas so that gas was absorbed over the jet length only. 
This bottom flange had a dished portion 2" in diam., 
shown in section F1g.I, with a central hole 3/16" 
D. which allowed the jet to pass. 
During some experiments using toluene, 
the lower perspex chamber was replaced by a metal one 
as toluene attacked the perspex. 
Liquid/ 
.Lr • 
Liquid level and flow rate control devices. 
Measurement of the liquid flow rate was 
made by reading the volume collected in the graduated 
receiver H over a, measured period of time. Alteration 
of liquid flow rate was accomplished by changing the 
bore of the syphon K or for smaller changes by raising 
or lowering it. The liquid flow rate controlled by 
this method was constant to within 0.2%. By rotating 
the chamber containing the liquid level G. as shown in 
Fig.!., the liquid level in the absorption chamber could 
be adjusted until it just filled the hole in the bottom 
flange and so sealed off the liquid chamber from the 
gas. 
Temperature control. 	All e7perimenta were carried 
out at room temperature. It was found that the 
liquid temperature did not vary by more than 0.2 over 
a series of runs. 
As the jet was found to be susceptible to 
vibration the whole apparatus was firmly clamped to a 




The jet tube syphon remained full, of liquid 
even when not in use so that the jet was  easily 
brought Into operation by turning on the liquid 
supply to the constant head F. After adjustment of 
the liquid and gas rates and also of the liquid level 
in the box to their required values, the system was 
allowed ten minutes to stabilise and then the data 
enumerated below were recorded. 
for the gas - volume flow rate (measured by 
an oil filled differential manometer), 
outlet gas pressure (gauge) and barometric 
pressure. 
for the liquid - volume flow rate and temp. 
jet dimensions - the diameter was measured with 
a travelling microscope (2" or 4" objective 
as appropriate) every 0.05 cm. distanoe from 
the jet Wifiot for the first 0.5 cm., every 
0.1 om.for the next 0.5 cm. and every 0.2 cm. 
for the next 1.0 cm., and every 0.5 cm. for 
the remaining length. 
A sample of liquid containing absorbed gas 
was taken from the bottom of the cylinder H 
and the solute concentration determined by an 
appropriate analytical method. These methods 
have been described in the appendix pp. -:C. 
i8. 
CALCULATION OF SURFACE TENSION: 
Addison( 21) gives three possible method' of 
calculation of the dynamic surface tension of the 
liquid in the jet, the first, which uses a pare liquid 
jet as reference, being the simplest and most readily 
applicable. 
Consider two jets, one of pure liquid and one 
of liquid containing solute, flowing from identical 
oriftoes and having the same flow rate f, and select 
a point on each jet (A and B respectively) at which 
the horizontal radius has the same value r. Then the 
distance of the points A and B (hi and h2 respectively) 
from the jet orifice will differ. Let Tl(a) and 
and i'2(a)  and i'2(b) represent the respective 
external and internal radii at points A and B, then 
the values of these r terms are obtained from the 
equations 
the internal radius: 	r 2 r 1 	/ ....(9) 
()2)3/2 /d 
the external radius: 	r1 - 	
2h...(lO) 
r and dh/dr are obtained direoty from the appropriate 
measured h-i' curves; &'i/dr is also plotted against 
r, the slope of this curve being d 2h/dr2 . Values of 
X1( a). i'2( a)' 1l(b)' and i
'2( b) having been obtained, 
together with /h(Iii-h 2), they are used in the final 
equation 
\hg=w(2_L I _is ~ r2(b)-  ( *r2(,) '1(a)) 	 '1(b)) 
r:radius of jet at distance'h' from orifice. 














(where w is the surface tension of the pure solvent) 
to obtain 'e which is the dynamlo surface tension of 
the solution at point B. 
Two sate of neasurements must be made, one on 
the pure liquid jet of known flow rate In air and the 
other on the liquid jet containing solute at the se 
flow rate. As the solute In the author's experiments 
s usually gas in process of absorption, the jet 
din= ions were measured first in air and then in gas, 
the liquid flow rate being constant throughout. 
Surface tension measurements are limited, 
however, to the range h sm 0.2-2.0 cm. an from h = o 
to h = 0.2 0mg, ri (2 2 (cf Grath 1), making the 
aurfaoa tension terms in equation (11) negetive and 
at h> 2.0 omø. r is unaffected by changes in surface 
tension. 	Although the method of calculation limits 
the range of surface tension values available, it was 
satisfactorily applied to the author's experimental 
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EXPIIU MENTAL RESULTS; 
Surface Teasion of distilled water 1e 
during Abs orpt ion of SO. 
A series of absorption runs was first carried 
out at a fixed liquid rate (2.15 00.1800.)  with varying 
gas flow rates, fol1owtnc the method described on p. i 
to determine the effect of gas flow rate on the quantity 
of gas absorbed by the jet. Graph 2 opposite, drawn 
from results given in Table I (p.2) shows the total 
amount absorbed by the jet plotted against the gas flow 
rate. From the gTarh it is evident that there is 
excess gas supplied to the absorption chamber after a 
gas flow rate of 0.256 moles./hr. has been reached and 
that an Increase in gas rate above this has no effect 
on the amount of gas absorbed within the range of gas 
rates available. 
In the surface tension experiments the gas 
rate was kept constant at 1.5 moles./hr. in order to 
maintain a positive flow rate of Pure 802 through the 
absorption chamber, i.e. the gas film was eliminated. 
The dimensions of the distilled water jet in air and 
In 802 were measured at various liquid flow rates In 
the range 1.30-4.60 008./sea.; these figures are 
recorded in Tables 2 and 3 (ppe. & z. respectively). 
The apparatus was always thoroughly purged with 
compressed air to remove solute gas before the jet 
dimensions in air were taken. By applying the 
calculation method described on p.1 to the figures 
obtained, the surface tension of the jet was found 
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various liquid flow rates. Borne of the results 
recorded in Table 4 (p. 5) are plotted versus h on 
Gra2i 3. 
The absorption of 902 apparently lowers 
the dynamic surfaoe tension of distilled water by 
14.0 1.5 dynee/om. at 16.8, and this depression is 
independent of liquid rate and distance from the orifice 
within the ranges studied, 
stilled ater Jet. 
Effect of variation of gas flow rate upon 
the amount of aonia absorbed by the jet at two 
oonRtant liquid flow rates is shown in Graph 4. 
Attempts made to supply excess gas failed as the jet 
became unstable at the higher gas rates. surface 
tension measurements on the two jets were timefore 
made at the naxinus3 permissible gas rate 'where the 
jet was still stable. 
The results obtained on the jet during 
absorption of ameonia are given in Graph 5 (drawn from 
Table 6, p. 	), these having been calculated from 
the jet dimensions given in Table 5 
It was noted that during absorption of 
ammonia, a large amount of heat was liberated, as 
evidenced by a rise in outlet temperature of 2-4. 
Jet dimensions measured during the absorp- 
tion of 002 and 004 into Water were identical with 
those measured in air, at constant liquid rate, so 
that there were no surface tension changes during 
absorption of these WLses into water. 
Similar experiments on the system ethylene/ 
toluene also failed to produce a lowering of 
3ummary of Results: 
Solute 
Gas Solvent  
Change in ' 





02H4 1 Nil 
C 0 Toluene Nil 
The significance of the above results is 
discussed in the next section, p. 
DYNAMIC SURFACE TENSION 
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SURFACE TENSION OF 'COMPROX' 
AT VARIOUS CONCENTRATIONS. 










CONCENTRATION OF DETERGENT. 
23. 
Dynamic surface teneiofl of aqueous 
ammonia solutionS. 
The dynamic surface tension results shoi in 
Graph 6, taken from Table 8 (p. ) were obtained for 
two aqueous ammonia solutions of different oonoentrat-
ion, with the intention of using them in the inter-
pretation of the surface tension results during 
absorption of ammonia. Lxperimeuts on concentrated 
aqueous ammonia solutions could not be carried out as 
their high vapour pressure made the liquid feed system 
unworkable. 
ynamIO _ Surface Tension of an aqueous 
solution of eur'aoe active agent. 
In some mass transfer studies, to be 
described later, on the absorption of carbon dixoide 
into a water jet containing a small amount of surface 
active agent, a knowledge of the dynamic surface 
tenson ( 3' dyn.) of the solution was necessary for 
elucidation of the results obtained. A description 
of the dyn. determination is as follows. 
The sample of detergent used was "Comprox", 
which is an aqueous solution of sodium alkyl sulphate 
(average Vol-Wt. 316). From Graph 7, which is a plot 
of static surface tension, determined by !)i Nuoy 
Tensiometer at 16.0', against molar concentration of 
surface active agent, it was decided that a concent- 
ration of 6.1 x 1074 moles./l. (arrowed in graph) was 
suitable for the mass transfer work as it was the 
minimum/ 
DYNAMIC SURFACE TENSION 
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minimum concentration whiob gave an appreciable 
lowering of surface tension. 
The dynamic surface tension of the 
6.1 x 1O 4 molar solution of detergent was measured at 
a liquid flow rate of 2.500 000./sec. in the usual way, 
the results being plotted in Graph 8, which is drawn 
from Table 10 (p.9 ). The dynamic surface tension 
value of 67.6 dynes/cm. found is 31.6 dynes/om. higher 
than the static value. Addison(22) obtained a similar 
result with sodium dodeoy] sulphate (iuol.wt. 288) 
solutions whioh he attributed to the slowness of 
diffusion of the surface active agent into the freshly 
formed surface which acts as if it were pure water 
( 	 73.3 dynes/om.). 
DISCUSSION 	or 	RESULTS: 
2R 
ilation of gas concentration 
surface during abeorptio. 
The use of surface tesion data in calculating 
the concentration of the solute in a liquid surface 
has, 80 far, been confined to aqueous solutions of 
capillary active agents. An outline of the methods 
used, and their application to the experimental work 
on surface tension measurements during gas absorption, 
follows. 
Variation of static surface tension of a 
solution with bulk concentration of solute can be used 
by application of Gtbb's Adsorption Isotherm(l) to 
calculate the surface excess, as moles of solute per 
unit area of surface. 	It is not possible, however, to 
apply the isotherm to dynamic surface tension results 
as the surface phase isusually not at equilibrium due 
to solute molecules diffusing into freshly created 
surface. To obtain the surface oonoentration of a 
dynamic system, then, the following assumption must be 
made(23). If a solution A of a particular solute has 
a static surface tension ofzdynes/Om. and another 
solution B of the same solute has also a dynamic 
surface tension of x dynes/om., then the dynamic 
solution B has the same surface excess of solute as the 
static solution A. Static surface tension values at 
various concentrations of solute are therefore required 
for interpretation of "dyn. results. 
The Anunonia/iater Experiments. 
Experimental results obtained on the dynamic 
surface tension of aqueous ammonia solutions, as 





SURFACE TENSION OF AQUEOUS NH 3 SOLUTIONS. 
CONCENTRATION OF AMMONIA. 
26. 
described on page 27 , could not be used for comparison 
with Idyii. during absorption of ammonia as the values 
varied with time, i.e. with distance from the jet 
orifice. The dependence of ?dyn. on time could not 
be accounted for by postulating slowness of diffusion 
of ammonia into the liquid surface as the 'dyn. 
values were mostly lower than the 'atatio values, 
o.f. Graph 6. Btooker(24) obtained similar results 
on aqueous ammonia solutions with the oscillating jet, 
but Rioe(25) pointed out that results by these methods 
were open to question due to the high vapour pressure 
of the solutions. 
From a literature survey it was found that 
the values of King, Hall and .re(26) on the static 
surface tension of aqueous ammonia solutions (0-100%) 
were generally taken to be most accurate, and therefore 
these figures, given in Table 11 (p. 70) and Graph 9 
opposite, were used. 
As all the ammonia gas supplied to the jet 
is absorbed, it is reasonable to assume that the liquid 
at the beginning of the jet, which is next to the gee 
inlet, will receive most ammonia for absorption, and 
that further down the jet there will be a deficiency 
of gas. The surface concentration will therefore 
fall off along the jet length due to surface expansion 
and diffusion of gee from the surface into the 
interior of the jet. The variation of dynamic 
surface tension, which depends on surface concentrat-
ion, with distance Ii from the orifice as shown in 
cZ/ 
27. 
Graph 51, facing page 21 , is thus readily explained. 
Only the maximum lowering of din. i.e. 41.6 dynes/ 
cm., oau be used to deduce an approximate value for 
the surface concentration of ammonia during absorption. 
The maximum measurable value of 41.6 dynes/oul., by 
ref. to graph 9, is found to correspond to a static 
aqueous ammonia solution of 26.2 moles/i., and from 
the reasoning given above this mist be the surface 
concentration of ammonia during absorption; but this 
concentration is greater than that of a saturated  
solution of ammonia (20.5 moles/i.) and is thus 
untenable. Surface concentration effects alone cannot 
therefore be responsible for the marked lowering of 
and other factors mist be considered. 	The most 
probable of these is temperature. 
Raising the temperature of a liquid deoreas-
es its surface teneion(1), and as the surface 
temperature of the jet will be markedly increased due 
to the large heat of solution of ammonia (overall 
temperature rise 2-4), the surface tension of the jet 
will be lowered. It is not possible to separate the 
two effects, surface concentration and temperature, 
which bring about the observed lowering of surface 
tension, and thus no deductions on the mechanism of 
absorption can be made from these experimental 
results. 
Soil 
SURFACE TENSION OF AQUEOUS SO2 SOLUTIONS(approx.) 
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% SO 2 IN H2O. 
!c/ VJater Experiments. 
The results on this system are interpreted in 
a similar manner to those described above for the 
ammonia/ter experiments. 
There is no 	static data in the literature 
on aqueous sulphur dioxide solutions, but the figures 
required for comparisons can be calculated in a 
sufficiently aoourate manner for the purpose g as 
follows. 	In a mixture where the solution is not too 
dilute and where none of tie components are capillary 
active, the surface tension of the mixture varies in a 
linear inAmler with concentration, and thus, if the 
surface tension of the two pure components are known( 27), 
the surface tension of any desired oonoentration of 
sulphur dioxide can be interpolated. From Graph 10, 
opposite, the surface tension of 59.2 dynes/om., 
obtained during absorption of 802, corresponds to a 
27.7% solution of 9020 which is greater than the 
concentration of a saturated solution (11.3%). Again 
the temperature gradient across the jet surface ,brought 
about in this case by the heat of solution of 902, will 
contribute to the observed lowering of surface tension, 
and, as with the ammonia experiments, the surface 
concentration and temperature effects oannot be divorced. 
A aiiifioant result derived from the 902 
experiments, however, is that the lowering of surface 
tension of 59.2 dynes/on. is oonetant, within experimen-
tal error, over the whole range of liquid flow rates 
and times of contact studied. As the surface tension 
19 constant, then the surface conditions, concentration 
and temperature, must be constant even at the minimum 
value of Ii • The minimum exposure time, where the 
surface tension is oaloulable, is 0.034 sees., and the 
maximum 0.16 secs., both values being calculated from 
the formula 
- Volume of jet between 
th 	hö and h 	- Totoh 
-_ liquid flow rate 
the method of volume calculation being described later 
on p. ;•3. 
Other GasJLiqp.id Systems. 
All gases, except those which are relatively 
insoluble, when absorbed in im.ter or aqueous solutions 
have a heat of solution which will contribute to the 
observed lowering of surface tension measured during 
absorption into the liquid jet. Sparingly soluble 
gases, e.g. 002 and 02H4, will, as found, have no 
effect on the water jet because there will be insuff.-
talent solute in the liquid surface to bring about a 
ohan7e In the surface tension. 
On turning to non-aqueous systems, It would 
seem easy at first sight to study changes in surface 
tension during absorption of an appreciably soluble 
gas where there ace no complicating heat effects. 
With organic gas/liquid systems, however, the surface 
tension of the solute is usually of the same order as 
the surface tension of the solvent and the solute... 




The experiments attempting to measure 
surface concentration of gas during absorption via 
surface tension measurements, failed, but the observ-
ations made prove useful nevertheless. From the 80/ 
water experiments it is found that the liquid surface 
In in equilibrium with the gas phase, even at the 
shortest measurable time of 0.034 sec. Lurther 
important qualitative deductions can be made, as 
described in the following section, on the effect of 
the observed lowering of surface tension on the 1iydrc 
dynamics of liquid flow in gas absorption equipment. 
The Role of Surface Tension Ila Absorption. 
Surface active agents and other surface 
tension depressors (hereafter referred to as -ZXagenta) 
when added to water or aqueous solutions in gas 
absorption experiments, often bring about appreciable 
changes in the amount of gas absorbed. Two explan-
ations of how these AY agents act are as follows: 
(1) As the -A y agents Oo!fl1ri8e relatively large 
molecules they may form an inert surface film 
which will reduce the area available for absorption. 
This explanation has fallen from favour lately( 2$) 
because it has been shown that at any time the number 
of molecules of -X agents in the surface is not 
sufficient/to produce an appreciable barrier to 
abarpt ion 
;L. 
absorption. The second explanation is the most 
likely. 
(2) The preaenoe of - Yagents alters tie hydro- 
dynamics of the system. Where there is laminar 
flow, e.g. in wetted wall columns, the -&('agents have 
been observed to damp out ripples and turbulanoe 
generally( 12), no that the surfar3 area availabl for 
absorption is reduoed. In packed oohunnn, where flow 
conditions are widely varied, the experimental results 
obtained on the effeot of addition of - i'agente are 
very inconstant, and attempts at correlating the 
results of different workers usually fail. 	The 
possible effeots of -M' agents on flow conditions in 
packed towers can be enumerated as follows. 
Where column oonditions are in the region of the 
minimum wetting rate, the addition of -' agents will 
increase the wetting of the column and hence will 
increase the area aaailable for absorption. 
When the column is properly irrigated, but flow 
Is still laminar, the case is analogous to that of a 
wetted wall column, and a lowering of absorption rate 
will result on addition of -AY agents. 
(0) Where flow conditions are turbulent and eddy 
mixing at the surface is possible, -L\ agents will 
have no effect on the absorption rate. 
In the author's experimental 1work, it was 
shown that during absorption of gases into a water jet 
where the gas film partially or wholly controlled the 
rate of absorption, there was a lowering of surface 
32. 
tension of the same order as that brought about by 
the addition of i.X' agente to the solvent. 	By 
analogy, then, the changes in liquid hydrodynamics 
described above will be brought about simply by 
absorption of a soluble gas. 
In some recent papers(2900), it has been 
suggested that if the rate of physical absorption of 
a gas into a packed column is knoNn, then this can be 
used to predict the surface area available during 
absorption of gases accompanied by chemical reaction. 
The hydrodynamio conditions during physical absorption 
and during absorption of a gas accompanied by a 
chemical reaction, may, as pointed out, be vastly 
different because of surface tension changes, and 
hence this suggestion should be treated with great 
caution. 
EXRIMINTAL - 	PART II 
Measurement of overall liquid-film coefficients. 
The discrepancies in results on overall 
liquid-film coefficients determined by different types 
of laboratory absorption apparatus are probably due to 
the fact that the apparent surface area available for 
absorption is not the true surface area effective in 
absorption. Because of rippling or refreshment of 
surface, eta., the effective surface area available for 
absorption varies from one type of apparatus to another. 
The surfaoe area of the streamlined jet used in 
Experimental Part I being definite and measurable, it 
was accordingly used to determine overall liquid-film 
coefficients, as follows: 
Apparatus and Procedure. 
The apparatus, prooecbire, and many of the 
results obtained in Part I were utilised in this 
section. Only these systems where the gee film was 
eliminated, i.e. where excess pure gas was supplied to 
the jet, were used, 
The effectiveness of the perapex flange in 
separating the gas from the bulk liquid during the 
absorption experiments was checked by comparing results 
on overall liquid film coefficients for the 002/water 
system with the per apax flange and with a petroleum 
ether (B.P. 100-120 ° ) layer replacing the flange in 
the liquid chamber. Results obtained with the two  
barriers, shown in Graph 14, proved to be identical 
and the perspex flange was therefore retained. 
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part in absorption, the hydrodynamics of the jet were 
studied in some detail as described below. 
Hydrodynamics of the jet. 
As the Reynolds Number in the jet tube is 
in the range 100-600, the velocity radiant across 
the tube will be small, and when the restriction to 
flow caused by the jet tube is removed, i.e. in the 
liquid jet, the velocity gradient across the jet will 
be negligible. Introduction of a fine stream of 
potassium permanganate solution into the water jet 
confirmed that flow was streamline at every point in 
the jet over the complete range of flow rates (1-6 00.1 
sec.) available. The method of introducing and 
adjusting the capillary thread of potassium permanga': 
solution is shown in diagram 2, and Illustration 3 
records a typical streamline trace. Photomioro graphs 
(x 100) taken with the aid of a high speed electronic 
flash at various points on the jet surface, failed to 
show any ripples or irregularities; thus Illustration 
4, showing a photomiorograph of the jet taken near its 
beginning gives a profile which is quite smooth and 
sharp. Towards the end of the jet there are several 
small standing waves caused by the jet striking the 
horizontal surface, but these are still in laminar 
flow, and any errors In volume and surface area 
measurements due to them are negligible. 
Expansion/ 
0 	 10 	 20 	 30cms. 
h 
0 	 005 	 010 	 015 	 O2Osecs. 
t 
3. 
Expansion and contraction of jet surface. 
Measurements of tie change in surface area of 
unit volume of liqutd,whtoh occurs as unit-volume 
passes down the jet, has shown, in all cases, that a 
surface contraction occurs during the initial 0.2 am. 
of jet, and that this is then followed by a fairly 
rapid expansion of surface over the remainder of the 
jet (usually 4 ems.). The surface area of unit volume 
at any point Ii on the jet was obtained in the follow- 
tug manner, 
Considering a thin horizontal lamina of the jet 
as the frustum of a cone, and assuming its thickness 
to be such that r 1 W 12  then, 
Volume of frustum of cone = 17 - r*H and area of 
Curved surface a 2 /7r1 
where H - the vertical height of the frustum and 
1 is Its slant height, and as 1 = H/sin 9 then 









.....(].2) A3urfaoe Area 	2 TrHJsin& - r sin 
The slope of the experimental curve Ii against r, where 
r is the radius of the jet at distance h from the 
orifice is tan 9 
Graph U, drawn from Table 12, p. 7:, shows the 
variation of surface areaof unit volume with b as 
calculated by equation (12) for two water jets of 
different flow rate during absorption of 902. 
Replacement of h values by jet age (t) in Graph 11 
produoee Graph 12, whioh emphastees the relationship 
between/ 
between surface area of unit volume and time of contaot 
between SLe and liquid. 
Methods of Calculation. 
Volume. surface area dud time of e xpo sure of 
Attempts macid to obtain an equation for the 
measured h-r curves of the jet failed
, and thus it 
was impossible to calculate the surface area and volume 
of the jet by the usual method of applying calculus to 
the derived equation. A simpler, but more laborious, 
method was therefore used. By dividing the jet into 
several laminae and treating each as the frustum of a 
cone, the surface area and v - lume of the jet were 
obtained by summing the surface areas and volumes 
respectively of the laminae. 3ub-division of the jet 
into laminae was determined by the number of experiment-
al r values recorded along the jet length, of. p. 17 
the first r value equals R. the external radius of the 
jet tube. The time of exposure of liquid to gas whtoh 
Is Identical with the jet age (t) at alLy point distance 
h from the orifice is obtained by dividing the volume 
of the jet between h o and h by the liquid flow rate 
(f). 
37. 
Overall liquid film coeffioientaJ XL)_ 
The Whitman two film theory, although not 
permissible on the strictest theoretical grounds, is 
always used to express experimental results on 
absorption. The basic equation for calculation of XL 
is: 	XL 	-A(C 	
•........... 	(13) 
0- a) 
where XL = the overall liquid-film ooeffteient. 
IT - the amount of gas absorbed in unit 
time, moles./sea. 
A = Surface area available for absorption. 
G G 
 = the oono. of solute gas in equilibrium 
with the gee of partial pressure Pg, 
molea./oo. 
0L = oono. of 
gas in the bulk of the liquid. 
This is the equation applied to .all the experimental 
results described in the next seotion. 
Theoretioal equation for oaloulatl. 
This is used to oaloulate coefficients for 
comparison with those obtained experimentally. 
Higbte'a equation takes the form - 
XL = 	2 	 ........ 	(14) 
where DA = diffusion coefficient of solute A 
in sq.om./SOO. 
t a oontaot tine between gas and 
liquid in seas. 
The comparisons made throughout this section 
between the theoretioal and experimental values of Xt 
are discussed in a later part, p., 
GRAPH NO. 13. 
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Experimental Results ,  
The 8ulphur dioxide/water system 
The jet dimensions from which the surface 
areas and volumes are calculated must be measured 
during the absorption of 902 as they differ from those 
measured in air. 
Experimental values for XLo curve A., and 
theorettoal values according to Higbte's equation, 
curve B., obtained at various flow rates (f) are 
plotted in Graph 13, the results being drawn from 
Table 13, p.72. 
The -OOP/'%ter System. 
with relatively insoluble gases, such as 
6020 the jet dimensions in the gas and in air are 
Identical so that once the relationships between the 
jet flow rate and surface area and volume of jet are 
known from measurements in air, the surface are& and 
volume appropriate to any flow rate can be obtained. 
The dimensions of the jet at several flow rates are 
given in Table 14, and from these surface area and 
volume of the jet are calculated; these results also 
appear in Table 14,p. 73 , 
Two sets of results, one using the perspex 
flange as barrier between gas and bulk liquid, and 
the other using pet. ether as barrier, were obtained 
for KL  for the O02..ter system. These results are 
given in Table 15 9  p. 74 and from Graph 14, opposite, 
It can be seen that both sets of results fall on the 
same experimental curve • Theoretical values 
according to Higbie, whoih are about 40 hiier, are 
also given in Graph 14, the results being drawn from 
Table 16., 
Absorption of 002 into a 6.1 x 1074 molar 
solution of the detergent Comprox gave experimental 
values (Table 15) for KL which also fitted the 
experimental curve drawn for the 002/ditil1ed water 
system as given in Graph 14. In Experimental Part I 
it was shown that this particular detergent solution 
produced a jet which differed very little hydro-
dynamically from the distilled water jet, and thus the 
similarity of results obtained for XL is not surprising. 
The diatii1e water used was prepared and 
stored in an atmosphere of nitrogen to avoid any 
possible error due to the presence of dissolved 002. 
KL  for C2H4 /TOLUENE SYSTEM. 
2•20 	 GRAPH NO. 15. 
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Ethylene-Toluene System. 
Results on overall liquid film.00effioientl 
determined for the system 0 2H4/toluene, described 
below, are of interest as this system involved pare 
physical absorption - a phenomenon rarely met with in 
absorption systems where the solvent is water or an 
aqueous solution. 
The pure toluene was prepared by distilling 
B.P. toluol in a 24 plate column, the first and last 
5% fractions being rejected. 
The toluene jet formed in the original jet 
tube of o.d. 14.58 mm., was unstable, and therefore 
a smaller diameter jet tube of o.d. 9.777 am ,  and 
i.d. 7.857 mm. was used. 
Surface areas and volumes of the jet at 
various flow rates were calculated from the jet 
dimensions given in Table 17, P. 7. 
In the calculation of overall liquid film 
coefficients given in Table 18 and Graph 15, the 
concentration terms were expressed in % saturation 
units, as these were the units used in the estimations 
(of. P. 	) CG thus becomes 100. 
Unlike the other gas/liquid absorption 
systems already examined, where the solvent was 
distilled water, the experimental results on the 
ethylene/toluene system agree fairly well with the 
theoretical values, of. Graph 15. The nximum 
deviation of the experimental values from the 
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SCOPE OF APPARATUS: 
Values for the rate of absorption of gee into 
stagnant liquid which will be of assistance in 
elucidating the mechanism of the mass transfer process 
aoros the interfae, are difficult to obtain experiment-
ally. The experimental methods which can be utilised 
for this purpose are critically reviewed as follows: 
(1) Wetted wall oolumnse These have been used most 
often, but many of the results obtained are 
suspect because, although the body of the liquid in 
in laminar flow down the column, there Is qurfaoe 
rippling and turbulence. Enert and Pigford( 12), 
however, have reoently described a. precision made 
wetted wall column, 3.73 ft • in length, where rippling 
is eliminated by the addition of small amounts of 
wetting agent. At the same time Emmert and Pigford 
compared the absorption rate of carbon dioxide into 
water and into water containing wetting agent in a 
short wetted wall column (1.524N) where rippling was  
apparently absent in both bases. It was found that 
the rate of absorption of carbon dioxide into water 
containing wetting agent was 10% lower than that into 
*are water, and therefore the results obtained with 
the large wetted wall column, where the liquid must 
contain wetting agent to suppress rippling, are open 
to question. 
Liquid in motion can still be considered stagnant 
provided that the liquid is in laminar flow and there 
is io nixing of the molecules in the surface with 
those in the interior by surface rippling or 
turbulence. 
ot.tth drum method. 	This method, described 
recently by Dauckwerts and Kennedy(29), consists 
of a rotating drum, a section of which is, successively, 
covered with liquid film, exposed to gus, and than 
stripped of liquid film. This apparatus has not been 
widely used so far, but it appears to be capable of 
producing reliable results. 
The above methods are limited to those 
absorption eperimente which use water or an aqueous 
solution as solvent, as these form stable films. 
Production of stable films with liquids of lower 
viscosity and surface tension, e.g. hydrocarbons is 
much more difficult. 
Liguiri drops. 	Dixon and Russel(31) showed 
that while a drop was being formed at an orifice, 
it was in a state of turbulence, but that when lling 
,under gravity it appeared to be stagnant. By 
confining absorption to the free fall period then, the 
value for the rate of absorption obtained will be that 
into a stagnant liquid. Goodridge(32) eliminated 
absorption during formation by surroundiru the orifice 
with an inert atmosphere of hydrogen, and on similar 
lines Dixon and 3wallow(33) confined absorption to the 
stagnant drop by having it pass through the solute gas 
confined between two bubble films in a vertical column. 
The methods used to limit absorption in the drop to 
the free fall period greatly limit the range of the 
method. 
(4)1 
() I.aTrinar jets. 	Several o.perimental methods 
utilising vertical laminar jets formed from 
a capillary tube orifice have been described (34, 35, 
36). 	As the jet is usually short, ca. 6 om.,, the 
time of oontaot between gas and liquid is small and 
consequently the amount of solute absorbed is small. 
Provided the solution from the apparatus can be 
analysed eati8faotorily, this method yields reliable 
results. The normal method of confining absorption 
to the jet length is to cover the bulk liquid viith a 
layer of petroleum ether, and this thus limits the 
number of gas/liquid jystems which can be examined. 
The contrz..cting jat. 
•hile conducting studies on the measurement 
of surface teiaion during absorption, described in 
Experimental Part I s it was realised that the 
contracting jet method used compared favourably with 
those described above, as a means of determining 
rates of absorption into stagnant liquid. The 
author's apparatus offers several advantages over the 
other methods, as enumerated below:- 
(I) the liquid flow is always laminar and there 
Is positively no surface rippling or turbulence. 
(ii) the contact time, 0.1-0.26 seas., and large 
area of liquid surface allows an appreciable 
amount of gas to be dissolved even when it is 
relatively insoluble. 
(III)/ 
as far as can be ascertained, there is no 
velocity gradient across the jet. 
by having a positive gas flow through the 
absorption chamber, gaseous Impurities, which 
would lower the rate of absorption, are not 
allowed to accumulate, 
the perspex or metal flange used to 
separate the bulk liquid from the jet can be 
used with anygas/liquid system, 
the depth of cenetration of solute into 
the jet is small, o.f. section which follows. 
GRAPH NO. 16. 
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DEPTH OF PENETRATION. 
epth of Rgnetration of solute into jet. 
The depth to which gas penetrates into a 
stagnant liquid during a known contact time can be 
osbulated by utilising lick's diffusion law in the 
following manner. 
According to Williams and Cady(37), if the 
general solution of licks law is adapted to consider 
the Case where there is a very thin layer of 
diffusing solution under a very high column of 
dispersion medium, the concentration of solute (a) at 
distance (x) fronythe thin layer after time (t) is 
given by: 
2 
0zt 	___ [-5e 4Dt 
	
where C 	concentration 
at point x after time t. 
= concentration in thin layer, g/cm. 
diffusion coefficient, sq.om./seo. 
t 	time, seas. 
x 	distance, oms. 
Considertn the case where CX0,t is constant, e.g • 
in absorption where the surface layer 18 replenished 
by solute molecules from the s phase, then 
0 	 _____- 	crr-t ant ..... (15) 
xo,t 	 47tt 
By giving (lb) the art.;iti'ary value of unit 
-x2 
0x,t 	 ............ (16) 
L; 
The variation of 0 x1 with x at t values of 0.02 0 0.1 
and 0.2 sees., calculated by equation (16) is shown 
in Graph 16 opposite. The only effect of giving 
o ____. 	, 
47. 
0zo,t Its real value 	d.1l be to give point A on graph 
16 a different position on the y axie 
By uti1isin, the results given in Graph 16, 
the depth of penetration of carbon dioxide into the jet 
can be determined. Tue mter jet of flow rate 2.08 
ac/sec. has a twlue of 0.20 seas., and therefore, 
from Graph 16, the CO. penetrates 0.0075 ona. into the 
jet, but the miniuzn radius of the jet is 0.114 oms., 
i.e. one hundred and fifty times greater than the 
depth of penetration of gas, und thus the solute 
moleou].es are oon!ined to the surface layers of the 
jet. 
EXPERIMENTAL RESULTS: 
The BulphurdisxtdeJwater system. 
It is not intended to give a detailed 
analysis of the results obtained with this system as 
the mechanism of absorption is somewhat complicated. 
Sulphur dioxide has an appreciable heat of solution, 
so that its absorption into the water jet will be 
accompanied by an evolution of heat. The experiment-
al results on the overall liquid film coefficient XL 
are found to be about 10% lower than that predicted 
by diffusion theory, o.f. Graph 13; this result is 
In agreement with Mat auyama( 35), who used a laminar 
Jet 1.5 ems, in length. 
The Carbon dioxide/water system. 
The author's experimental values for XL are 
about 40% lower than the value predicted by Higbie'e 
diffusion theory, o.f. Graph 14, and this is of the 
same order as the discrepancy found by Higbie(5) in 
his experimental work. Other workers (12,29,35) have 
also shown that KL  expt. is considerably lower than 
XL theory. However, a more precise method than the 
above for expressing the difference between XL  expt. 
and XL  theory, preferably with a theoretical basis, 
is :ni-T&)1e', and to this end the concept of inter-
facial resistance, *doh is expressed in terms of an 
accommodation ooeffioientcK, was introduced. 
Calculation of Acc ommodation Coefficient. 
The method of oaloulating the accommodation 
coefficient (c'< ) described by Emmert and Pigford(12) 
is the most straightforward. 
According to the kinetic theory of gases, 
the mtmber of moles. of gas striking unit area of 
surface per unit time is 
JI
6 Lrr 'i-" ¼ 	.......... (17) 
	
here A 	concentration of A in the gas, lb.molee/ 
ou.ft. 
- root-mean-square velooity of the we 
moleoulea. 
The number of pound moles of gas entering the surface 
per unit area per unit time is 
NJ jzk— - ¼. ic:1 	........ (18) 
wtlere 0<1 is the a000mmodation coefficient, i.e. the 
fraction of incident molecules that penetrates the 
interface. 
Let 
Ai  = true oonoentratton of A in the liquid at 
the interface s  lb. moles./ou.ft. 
¼ fictitious gas-phase concentration of A 
* that would be in quilibrium with Ais 
lb.moles.fou.ft. 
fictitious liquid-phase concentration of A 
that would be in qutlibrium with the true 
gas oonoentration AG, lb. moles/ou.ft. 
Then the number of pound moles of gas passing through 
the interface per unit area per unit time in the 
direction from liquid to gas is 
M2 	 A 	o2 	
(19) 
t:o. 
where V< 2 is the accommodation coefficient for the 
molecules that are leaving. From the principle that 
the rates of penetration and escape are equal at 
equilibrium, i.e.o]. - °2 - o(, the net rate of 
transfer of gam molecules across the interface NA is 
given by: 	- 
NA W 	 r7r (AG 	
¼ ) ......... (20) 
But the rate of transfer may also be expressed by 
NA = kL (At*_  Lo) * kL' (Ai - A) 	.... 	(21) 
where kL is the apparent liquid film coefficient, and 
Is the true liquid film coefficient exclusive of 
the interfacial resistance, 
By llenr5f e law, 
AG - HAj1 	. . . . . . . . . . . . . . . ( 22) 
and AG a sm HA ............... (23) 
where H is the Henry's law constant in lb. moles per 
ou.ft. in gas/lb. moles, per ou.ft. in liquid. 
Substituting 6quations (22) and (23) in equation (20) 
and equating the result to equation (21) gives 
o('- H (Ai - Al) w kL3 (Ai- AO ) 	kL(Aj-A0 ) 
- kH(Aj - Aj) ..... (24) 
where kj is the transfer coefficient for the Inter-
facial resistance. From equation (24) 
1 	- 	1 	......... (25) 
kLL 
and c,,C - 	.LLi. .......... (26) 
Thus if values for the liquid film coefficient k L 
determined experimentally and for the theoretical 
coefficient, kL' are known k1k can be calculated by 
equation/ 
J-. 
equation (25) and by eubstttutiOfl of this value in 
equation (26) 04 is obtained. 
Some difficulty may arise, however, in 
assigning an appropriate value to kj. Emmert and 
Pigford, in estimating kL 1 for a wetted mall oolumn  
had to take Into account the effect of the parabolic 
velocity distribution across the liquid film, and also 
of the change in boundary conditions brought about by 
the solute molecules penetrating to the boundary mall. 
In the contracting jet where there is no 
velocity gradient across the jet, and where the liquid 
film can be assumed to be infinitely thick, the 
simpler method of calculating kL 1p as originated by 
Higbie( 5) can be used. The value of kL' is then 
determined by equation (14). Values of the 
acooninodattoil coefficient for the carbon dioxide/ 
ter system obtained by utilising the experimental 




































Note: 	H - 0.96 moles./1. in gas/moles/1.in liquid. 
ci, 
L. • 
Emmert and Pigfoid'e values for 	, in the rangs 
1.8-14.5 x 106, are of the aae order, but it is 
impossible to 1*it the results on a ooIDarative basis 
as there is tnaufftotent data given. 	Both sets 
of results show a variation of a000anodatton coefficient 
with flow-rate of liquid, and this implies an effeot 
of the oonoentratioii, or age, of the liquid surface. 
53. 
The Et_byi18fle-to1Uene System. 
There are no publiahd results available for 
comparisons with this system. The interesting 
experimental result obtained, that the values of the 
liquid film coefficient agree with the theoretical, 
c.f. Gram 15, invites a simple interpretation of the 
phenomenon of interfacial resistance as follow.:- 
The surface free energy of .& pure liquid 
(numerically equal to the surface tension) is a 
measure of the tendency of the liquid molecules to 
move into the interior of the liquid(l) - in a 
solution of two oomponents, the component iditch has 
the greatest surfaoe free energy will tend to move 
into the interior while the component of lesser surface 
free energy will concentrate at the liquid surface, 
i.e. it will be adsorbed. 
ring the bsorptiofl of s into liquid 
then, the gas molecules in the liquid surface will be 
acted upon by two opposing forces, the concentration 
gradient causing diffusion and the adsorption process. 
As the surface free energy of 'ter is relatively 
large, the work done in transferring solute into the 
interior of the liquid, i.e. the energy of adsorption, 
is large, and consequently when twater is used as 
the solvent in absorption, the diffusion process will 
be apeatably hindered. This hindrance constitutes 
the interfacial resistance. 
on the other hund, with those gee/liquid 
systems where the We has a surface free energy of the 
DIAGRAM NO. 3. 
Diagrammatic representation of expansion and contract 
of unit volume of 	liquid. 
CON I RAG TINC 
EXPANDING. 
Shaded portion is free liquid 	surface. 
same order as that of the solvent, the sole mechanism 
controlling =As transfer during absorption into a 
staant liquid will be molecular diffusion. Ethylene 
dissolving in toluene constitutes such an absorption 
system, and thus, as found, the experimental rate of 
absorption agrees with that predicted by diffusion 
theory. 
Uoleoular motion in a free liquid surface. 
During a study of the hydrodynamics 0q the 
contracting jet, it was found that the surface area of 
unit volume of liquid passing down the jet was not 
oonatant, but that it oontraoted over the first 02 cm. 
length and then expanded over the remainder of the 
Jet t of. Graph U, facing page . 	 These observat- 
ions, wbioh infer a movement of solute molecules, must 
be examined more closely as they cast doubt upon the 
assumption that the liquid is truly stagnant. 
The expansion of the surface area of unit 
volume of the jet is shown diagremnatioally opposite, 
the shaded portion being the free surface of the 
liquid exposed to gea • It can be seen that molecules 
of solvent suet move from the interior of the jot in 
order to create surface, and that if gee is in process 
of absorption into the jet, then it may also be 
transported back to the surface • According to this 
reasoning, the rate of absorption of We (moles./ 
sq .om./seo.) Into an expending surface is retarded, 
while that into a contracting surface is enkianoed by 
the molecular motion even when the liquid is in 
H 
laminar flow throughout. Of the methods described on 
pp., for measuring the rate of absorption of gas 
into stagnant liquid, only the rotating drum and 
liquid drop methods will measure the rate of absorption 
Into truly stagnant liquid. Results obtained by the 
other methods are still of value, however, provided the 
effect of surface expansion and contraction can be 
taken into account. 
By applying the observations made above to 
liquid flow in a packed oolumn, it is possible to 
postulate that the ].iquid,in flowing over an element 
of packing, first expands over the upper surface of 
the element and then contracts on its underside before 
passing on to the next element, mhere the process is 
repeated. The age of an element of liquid in laminar 
flow, in a packed oolunui, Will then not only depend on 
its chance of being mixed at a discontinuity, as 
postulated by DanokwertB(6), but aloo on the expansion 
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The theories of absorption are reviewed with 
special reference to the hydrodynamics of liquid flow 
and minterfaoial resistance". 
Part I of the experimental work deals with the 
adaptation of the contracting jet method of measuring 
dynamic surface tension to the measurement of surface 
tension during absorption. An appreciable lowering of 
aurfaoe tension is observed during absorption of ammonia 
and sulphur dioxide into the distilled water jet, but 
the results obtained oainot be utilised for calculating 
the surface concentration of these gases as their 
absorption is accompanied by an evolution of beet, which 
also brtn;s about a lowering of surface tension. In 
thosegas/liquid systems where there is no complicating 
heat effect, I.e. in physical absorption, there is no 
observable ohiirge in surface tension, as either the 
gas is too insoluble or else the surface tension of the 
solute is of the same order its that of the solvent. 
From the sulphur dioxide/water experiments it is 
found that the solute in the liquid surface is in 
equilibrium with the gas phase, even at the shortest 
measurable time of 0.034 seoonc!s. 
The possible effect of the appreoiabe lowering 
of surface tension found, with certain gas liquid 
systems, on the hydrodynamics of liquid flow in a packed 
tower is discussed. 
As the apparatus described in rt is it useful 
laboratory method for determining liquid film 
coefficients, the second part of the work deals with 
58. 
this aspeOt, Uperimental values of the liquid file 
coefficient for the systems sulphur dioxide/water, 
carbon ioxtde/iter, carbon dioxide/detergent soin. 
and ethylene/toluene are obtained. Particular 
attention Is given to the carbon dioxide/water system, 
where the experimental values for the liquid film 
coefficient are about 4O lower than the theoretical 
values as calculated by diffusion theory, and this 
therefore confirms the presence of an "interfacial 
resistance". On the other hand,, however, the 
experimental values for the liquid ft]n ooeffioient 
obtained with the ethylene/toluene system agree with 
theory and thus point to a. fundamental difference 
between the mechanism of absorption of gases into 
water or aqueous solutions, and into hydrocathon 
solvents, presumably because the former are highly 
polar, while the latter are not. 
The surface contraction and expansion of 
the jet is emphasised anc$he effect of this contraction 
and expansion on the rate of absorption of gas into 
liquid in laminar flow is considered. 
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DIX 
APPENDIX: 
METHODS OF ANALYSI8: 
Concentration of ammonia in aqueous solution. 
50 COB, of standard N/lO sulphuric acid were 
added to 25 sos. of sample and then the excess acid was 
titrated with standard N/10 sodium hydroxide using 
phenolphthalein as indicator. The volume of standard 
acid neutralised by the ammonia solution thus 
determined was used to calculate the ammonia ooncentra-
tion. 
Carbon dioxide dissolved in water. 
The method described by Suckling (38) for the 
determination of carbon dioxide in waters was used. 
200 cc. of the water for analysis was introduced into 
a bottle together with 10 Co. of 10% barium chloride 
solution and 50 cc. of freshly prepared N110 standard 
barium hydroxide, and then, after stoppering and 
shaking vigorously, the bottle was set aside for twelve 
hours. An aliquot portion (100 cc.) of the supernat-
ant liquor was then pipetted off and titrated with 
standard N110 oodium hydroxide- using phenolpthalein as 
indicator. The reduction in strength found, of the 
standard 11110 barium hydroxide, is equivalent to the 
carbon dioxide present and its concentration can thus 
be calculated. 
Concentration of sulphur dioxide In aqueous solution. 
50 cc. of sulphur dioxide solution were added 
to 50 Co. of standard N110 iodine solution, and then 
the excess iodine was titrated with standard N/lO 
sodium thiosuiphate using starch as indicator near the 


















% SATURATED SOLUTION. 
end point. The difference in back titration of the 
solution with sulphur dioxide present and a solution 
without is equivalent to the amount of sulphur dioxide 
present, and thus the SO 2 concentration can be 
calculated. 
Dissolved ethylene in toluene. 
As i straightforward chemical method was not 
known, it was decided to use a physical method, and 
with a Rayleigh-Haber-Love, interferometer for liquids 
available, this was the method used (a). A oa].tbrat-
ion curve, made by taking interferometer readings at 
various known concentrations of ethylene in toluene, is 
given in Graph 1. The ethylene solutions of/concent-
ration were made by diluting a saturated solution of 
ethylene in toluene which was prepared in the following 
manner. The toluene was first placed under vacuum 
and then the vacuum was released by letting in ethylene; 
this was repeated several times so that all the air 
above the liquid was replaced by ethylene. 	The 
toluene was kept in contact with ethylene under slight 
pressure (2 mm.) for twenty four hours, during which 
time it was shaken as often as possible; more ethylene 
was admitted as necessary to keep up the pressure. 
After adjusting the ethylene pressure to atmospheric, 
the solution was allowed to stand two hours before use. 
During all these operations the liquid temperature was 
kept constant at 16.0 ° by using a thermostat bath. 
Table/ 
"1. 
Table of Results for Calibration Curve. 
Conditions: Bar.Press.747 mm., Liquid Temp-16.0 















t er Temperature: 




quantity of 	Quantity of 
Run No. 	Gas supplied Gas absorbed 
rnols./hr. 	by Jet 
mole/hr. 
1 	i 	0 . 231 
2 0.249 
3 	 0.250 
4 0.358 










,.%78,0.%  ~ *Ym 
.32;57 .3317 .3455 
27 • 3099 .3235 
.2853 .2933 .3060 




020" aw 02295 
.1996 •2058.2183 
1907 9193802099 
.181.4 .1911 • 2028 
1782 .1.858 .1960 
p1679 .1737 .2853 
p1599 .1661 .1773 
XIS .1567.1669 
Disiis of distilled water Jot in air at yartaa fla..rsts 
riatai Ganditimas 	Ber. Press. 	753 a 
Ltd4 TIwp.raire 16.80 
An 




0.100 • 4000-4051i. ! -4M 
06350 .3496 "72 136M 
0.200 03222 ..32091.3273 
0.250 • 282k . 2ft • 2960 
H. 300  .2568 .2657 .2719 
0.350 • 2357 • 21.42 • 21496 
0.400 .2183 .2283 .2335 
0.450 .2031 .2117 .2202 
00500 .17 .20( .2038 
0.600 .1720 .l&J4 .1S75 
0.700 .3558 .1652 .1723 
0.800 .1447 .2536 .1612 
0.900 .2549 .1438 .11.91 
0.000 .1268 .1362 .1429 
1.100 .1209 .130* .1379 
1.200 .1370 .1253 .1322 
1.i.O0 .1089 .118Q.14 
2.600 93027 .1116 .1170 





.4278 .4357 .4389 
.3665 .3828 .3906 .3942 
.33L.1..3465 .3567 .3617 
.3268.31.7 
*2826 .2924.3014.3080 
.2603 .2697 .2808 .2862 
• .2541 .2625 .2692 
.2299 .2384 .2487 .2341 
•2183 .2264- ,2354 .22O 
197! 2058 2356 .2233 
.1826 .1907 .20( .8 
.1715 .2782 .2.893 .1943 
.1629 .1697 .1777 .135 
.15 .1616 .3697 .1764 
.11.7 .1332 .2692 
J.24 .1495.1585.2.639 
.1339 .1393 .482 .1536 
.1273 .1327 .1407 . 1469! 
• 12Q1 .1250 • 1331 • Z38I 
of 
Dimensims of distilled water jet in sulphur dioxide at flaw-
rat.s corresponding to those given in Table 2. 
.rimsntal Gciditi1 Bar. PT058. 755 mo. 
Liquid Taut. 16.80 
Gauge Pr.... 1.5 ams. 
&a flow-rate ofB02 1.5 aolee/hr. 
RUnN0 	 5 	6 	7 	8 910 
1.30 1.59 1.754.2.15 2.1,1 2.74. 3.03 3- A.- 3, 93 4.60 
:C am. at 
4 	R 	0.729c..  
.4139 .423 .4273 - 	- 	- 	- 	- 	- 
• 3567 . 3674 . 5D5 • 381E • 392I. -4W  • 1I085 - 4269 
.3125 .3286 .31,43 .3518 .3607 .3670 .3826 
• 2799 
• 3=1 
• 2897 . 2978. 3080 • 317q -3273 . 334. • 34.91 
• 2532 • 2635 . 273 	.2835 289 .2996 .3068 -3257 
02317 .2416 .24 	.2635 .267 .2781 .2849 .3036 
.21.25 .2206 .2286 .2438 .24 •259E .2679 .2844 
.197 .2077 .2125 .2206 .23 .24 .2532 .2688 
• 183]. -1938 2009 	-21-56 . 222 .2Y)  • 2R9 • 2559 
.1741 .1839.i.907 •205J •210 .220E 0, 2291 .24.60 
.3567 .1666 .1741 .1879 .19Z .2027 .2107 .2281 
.1438 1554. 1603 	1714 91804. .1879 0 1969 2134. 
.131,4 .V .1,18 .164.3 .170J .17C 
0
18.3 .2014 
.1259 .1366 .1433 .16o, .169 .j77 .1929 
• 1215 • 1317 • 1366 . 14.95 • 352'; . 1616 .1688 1844 
.1161 .3.2551-1304 .14.38 .247 .3567 .1.639 .1791) 
.1206 .1282 .1393 .1A4 .351 .58]. 172 
.1041 411138 .1179 .1.304..]. .144 .14.37 .1635 
• 0992 . 1076 .1129 • 1255 .12 . 136 -1433 • 1.57 












































• 151 .1639 
0257 .0239 
TABO 2. 
Surface Tension 4) of 	t during absorption of aulpiazr dioxide 
at vartou.e 1icjtn 	flaw—rates, and constant gas rate of 1.5 
moles/hr. 






0.331 0.573 1.017 	1.372 





0. 473 0.523 
r t3 	' - 
0.582 9. 656 
- 	-. 0.747 - 0.853 -- 1.012 ]..17 1.516 ------------ 
—. '7 .1"S #4.i' .i 	'• s 	17. ç.' [VVs £ 	 ua. 	70.00 	O, L.O 
-iL_ 	0.3750-56 
1.751* ' 	61.10 -9B.05 
1.356 
2.15 j)( 61.2857.99 
2.24 {58.2O58.79 
L le 366 1. 475 
2.74 57.50 59.25 
. 1.027 1.121 
3.03 59.858,55 
3.64 0.872 0.651 
--___ 
' 59.10 58.73 
I 	24. 60 5840 1 7.4.9 
Average Value 59.2 dynes/m. 
TABLE 5 
Dimensions of distilled water jet in air and 
in ammonia gas at two liquid flow rates. 
Liquid rate 
cc./sec. 	 1.087 
NB3 gas rate 
inola./Iii'. 	 2 .155 






Inlet, * 	18.3 	 16.8 




diet. 	NB 	 diet. 	Nil 
0.000 0.7290H.7290 0.000 0.7290 0.7290 
0.142 0.4176o.3684 0.202 0.3688 0.3226 
0.242 0.3179 0 . 2820 0.302 0.2996 0.2607 
0.342 O.25980.2269 0.402, 0.2607  10 . 2295 
0.442 0.2214 0 .1906 0 -5021 0.2265 0.1966 
0.542 0.18770.1662 0.602 0.2034 0.1817 
0.642 0.1637 0.1479 0.7021 0.1872 0.1709 
0.742 0.14740.1351 0.802 0.1739 0.160 
0.942 0.12690.1176  1.002 0.1543 0.148 
1.242 0.11030.1034 1.302 0.1376 0.1304 
1.742 0..092B0.0893  1.802 0.1197 0.1157 
0.1100 2.242 8420.0521  0.0 2.302 0.1103 
3.442 0.07180 . 0701 3.502 0.0957 
4.202 jet ends 4.102 jet ends 
67. 
TABLE 6 
Surface tension (a') of jet during absorption 
of ammonia gas. 
Jet flow rate of Jet flow rate of 
1.087 cc./sec. 2.105 00./sec. 
hcms. dynesJorn. oms. dynes/cm. 
0.414 50.66 0.331 41.57 
1.062 54.56 0.454 
0.619 
50.40 
48.89 1.3 23 57.77 
1.705 57.56 0.807 52.25 
2.02 59.68 1.119 53.69 
2.42 59.28 1.981 58.02 
Conon.of resultant - Conon.of resultant 
soin. 0.51 m018./1. I 	soln. 0.456 mols.J1. 
TABLE 7 
Dimensions of distilled water jet and two aqueous 
ammonia solution jets of different concentration. 
Conditions: 	Bar.Press. 	753 mm. 
Liquid Temp. 16.6 
f 	2.105 oc./seo. 
Oono.of soixi, 
rnols./litre 	Nil 	2.47 	4.84 
cms. I' ornse r oms. ome. 
0.000 jet begins 	R = 0.7290 ems. 
0.190 0.3696 0 .3643 0.3609 
0.290 0.3044 0.2957 0.2935 
0.390 0.2622 0.2552 0.2539 
0.490 0.2296 0.2222 0.2209 
0.590 0.2069 0.2013 0.1987 
0.690 0.1896 0.1826 0.1813 
0.790 0.1762 0.1705 0.1692 
0.890 o.i66i 0.1617 I 	0.1596 
0.990 0.1574 0.1531 0.1509 
1.090 0.1505 0.1461 0.1439 
1,190 0.1448 0.1404 0.13 87 
1.290 0.1400 0.1357 0.1339 
1.490 0.1313 0.1265 0.1252 
1.790 0.1215 01187 0.1174 
2.290 0.1113 0..1096 0.1074 
4.240 -- ------ jet ends------ 
68. 
TABLE 8 
Dynamio Surface Tension of aqueous ammonia 
solutions. 
Conditions: 	Temp. of Seine. 	16.6' 
f cr 2.105 00./sec. 
Aqueous Ammonia Soin. Aqueous Ammonia Soin. 
2.47 mois./iitXe 4.84 moia./iitre 
' dyn. Ydyn. 
ama. 	dynes/Cme ama. dynes/om. 	- 







0.499 69.33 0.582 64.97 
0.597 	67.05 0.666 63.19 
0.686 67.61 0.782 64.07 
0.795 	65.64 
0.909 64.74 
1.032 	63.96 	- 
è'gtatto 'statio 
69.25 cly-nes/om. 64.75 dynes/oz. 
'dynamio odytia.niio 
68 dynes/om. 63.6 dynes/am. 
TABLE 9 
Static Surfaoe Tension (by Du Nuoy Tensiometer) 
of various concentrations of detergent sal. 

















Dynamic Surface Tension of 6.1 x 10 molar aoln. 
of detergent. 
Conditions: 	 f 	2.50 008./sec. 
Solu.Teuip. 16.6 
Jet Dimensions. 
F distilled 0m8 1 Det. soin. 0mB., 
0.000 R 	= 0.7290 oms. 
0.500 0.2406 0.2385 
o.600 o.219 0.2147 
0.2018 0.1975 M00 oo o.188o 0.1850 
0.900 0.1765 0.1733 
1.000 o.167 0.1667 
1.100 o.162 0.l53 
1.200 0.1550 0.1525 
1.300 0.1498 0.1477 
1.400 0.1472 0.1437 
1.00 0.1405 0.139 
TJTT 
Jet 
.56924.754 .804 .839' .9391.254 1.445 
dynes/cm. 67.26 	 67-38 6 834 66 ,6 4 p750 
Maximum Lowertngof Y , 6.34 dyne s/cm. 
TABLE 1]. 
Experimental Data for Static Surface Tension of 
Water-Ammonia Mixtures (20) ex King, Hall and Ware 
rt. % 	NH3 conc. 	I dyne atom. 
}13 mola./litre at 20 
0.00 	 0.00 	 72.75 
o 
n. Ac 0.26 72 
7 72 .379 65-74 
14.61 5 .072 62.15 
24.14 12.891 58.02 
29.70 15.504 55.58 
35.98 18.444 52.29 
44.56 21.132 48.08 
47.4 i 	 23.302 46.42 
53.45 25.591 42.65 
54.40 25.909 41.63 
61.16 2b.192 37.90 
63.64 28 .940 36.40 
35.87 64.51 29.157 
70.47 30.799 32.99 
72.56 31.334 31.44 
72.49 31.312 31.84 
75.07 31.915 3.57 
75.35 32.651 29.34 
50.95 33.198 28.11 
89.72 34.682 25.22 
89.81 34.693 25.11 
90.81 34.g26 24.57 
90.94 34.070 24.42 
91.41 34.917 24.70 
96.66 35.548 23.02 
96.68 35.550 23.09 
97.18 35.608 22.78 
97.36 35.628 22.51 
100.00 35 .836 22.03 
TABLE 12. 
Surface Area of Unit Vol ume Values. 
NOTSS: Calculated from experimental results given in Table 3. 
t 
cos/Sec. 	 1.30 	 2.74  
h.cms. 	tsease 	S.A./U.Vti taecs 13-A./U.V. 
0.025 0.011 13.05 11.45 
0.050 0.042 8.666 0.022 7.88 
0.075 7.L0 
0.100 0.060 8.048 0.033 7.02 
0.125 6.88 
0.150 0.074 7.950 0.042 6.78 
0.175 1 6.81 
0.200 0.084 8.177 0.048 7.05 
0.225 7.16 
0.250 0.092 8.788 0.054 7.45 
0.300 9.439 0.059 7.78 
0.350 0.105 9.908 0.063 8.34 
0.400 0.111 10.43 0.067 8.52 
0.500 0.119 11.74 0.073 9.28 
0.600 0.126 12.89 0.078 9.97 
0.700 0.131 13.99 0.082 10.72 
0.800 0.136 14.93 0.086 	1 11.27 
0.900 0.14o 15.92 0.089 11.86 
1.000 0.143 16.49 0.093 12.40 
1.200 0.150 18.00 0.098 13.19 
1.600 0.161 20.17 0.108 14.69 
1.900 0.167 21.53 0.114 	' 15.44 
3.421 0.199 25.20 0.143 17.12 
TABIZ 13. 
Overall liquid film coefficient for SO/water 
System* 
32er1mental Condition. 
Temp. of inlet liciuid. 16.80 	Bar. press. 755 ane. 
Constant gee rate 1.5 moles/hr. gauge press. 1.5 nine. 
Surface Are., vo1zne and t values calculated from jet 
dimensions given in p. 
(4') 
Concentration of saturated solution of 80 2(40 ) 
Data used in Calculations 
D of s02 at 16.8 0 
-3 
- 1.766z10 moles/ 




A 	1 v t - I 	I 	Conc. of I W x 10I X 	expt.I LHigbie sq .ama. ace0 Soin. seas. 	 mo1efaea 1oOflV' z 10 aw 
sea. see. 
1.30 3.9116 1 	0.2586 0.1989 0.03876 5.037 7.23 10.23 
1.59 4.128 0.2864 0.1801 0.03571 5.665 7.79 10.75 
1,75 14.204 0.3005 0.1723 0.0314814 6.110 8.23 11.03 
2.15 4.367 0.31446 0.1603 0.03305 7.104 9.21 11.110 
2.41 4.522 0.3620 0.1502 0.03059 7.372 9.23 11.78 
2.74 11.669 00922 0.2431 0.03001 8.224 9.98 12.07 
3.03 4.779 0.4149 0.1369 0.027911 8.431 9.99 12.34 
3.64 5.048 0.14724 0.1299 0.026511 9.649 10.82 12.67 
3.91 5.136 0.5006 0.1280 0.02566 110-03 11.07 	1 12.76 
4.60 5.375 0.5583 0.1213 0.02386 10.98 11.57 13.10 
Dimeflaiona of distilled water Jet in air at various liquid flow 
rates. 
Conditions - Liquid Temp. 16.0 
eo 1.229 	l.7Q 	2.076 2.577 3.033 
3.576 3.972 L..3148 L..812 5.L.70 	5.82 
orna. 
r 	Ptfl cms 
.000 
3.050 	.53140 .5350 .5530 .5590 .5670.5900 	.5920 	.5930 	.5950 	.6060 	.617 
0.100 .14141 .14i98 .4680 .4790 .4830 	.50140 	.5110 	.5115 	.5170 	.5290 	. 
0.150 	.3836 .3908 .4028 .14195 .14262 	.14401 .1414514 	.11559 	.4631 	.11770 	.1488 
0.200 .3395 .3486 .3631 .3803 .3875 	.14013 	.11076 .14172 .112143 	.4382 .4146 
0.250 	.30146 .157 3267 .3434 3506 3679 I 3712 	.3851 	.3908 .4033 	.4111 
0.300 .27514 .2879 .29914 .3147 .3237 	93391 1 -3458 	.3578 .3664 	.3803 .385 
0.350 	.21190 26143 .27511 1 .2879 .3008 .3171 	.3204 	.3329: .31415 	.3559 	.363' D.400 .22914 .2443 .2563 .2706 .2826 	.2969 	.3037 .3151 	.3229 	,3377 93142) 
o.450 	.2108 .2266 .2381 .2539 .2658 .2816 .2855 1 .29711 .3071 .32014 	.326. 
0.500 .1969 .2lLi.1 .2251 .2399 .2505 	.2654 	.275 	.2841 	.2926 	.371 
o.600 	.1748 i-1907 .2031 .2160 .2269 .21438 .21495 .2596 	.2697 	.235 	.291 
0.700 .1580 .17148 .18144 .1997 .2103 	.2256 	.2308 	.242L4!  .2519 .2E43 .272 
0.800 	.1447 .16214 .1719 .1644 . .2122 .2179 	.22914 	.2385 	.2509 	.257 
0.900.13141 .1523 .1629 .17148 .1858 	.2012 	.2059 	.2169 	.2270 .2389 	.246 
1.000 	.1255 .11432 ,1537 1672 .1777 .1921 	.1969 .2079 .2165 	.2289 .235 
1.200 .1155 .1303 .1413 .1537 .1648 	.1777 	.1825: .1930' .2012 	.2132 	.2181 
1.1400 	.1063 .1231 .1332 .11433 .1537 : .1677 .1719 	.1820 	.1911 	..2026 .208 
1.600 	.0997 -1155 1  .1255 .1375 .1480 	.16014 	.1672 	.1".8 • 1J20 	.1.935 	.199 
1.800 .09314 .1102 .1197 .1308 .1413 .15142 .1595 	.1&7 	.1758 	.18144 . 188 
1.900 	.0920 .1087 1164 .1279 .1375 	.1498 	.1571 .16314! .1715 	.1820 	.1861 
2.000 .0910 .1058 .1149 .1255 .1360 .11480 	.1537 	.1624 	.1686 .178? 	.1851 
2.100 	.0901 .1039 .1140 .121i0 .1332 	.1447 .1528 .1586 .1653 	.1767 .180 
3.857 Jet rids 
urface 4.215 	4.542 4.7142 5.003 5.212 5.477 	5.625 5.782 5.955 6.183 6.29 
reaaq 
0mB.  
olme .3317 .14176 .4532 .5073 .5657 .5947 .6330 .6802 .7268 .766 
CMSO 
1 - 3765 
TABLE 15. 
Overall liquid-film coefficients for CO2/water system. 
f A Conc.of W K1 expto 
ces/sea* aq& emso 
Soln.
moles/l oles/l 
nIo1eBReO x103 ems/ iiorss 
x 10 sec. 
x 	1 
(a) With Derspex flange as  barrier 
1.659 4.506 6.539 1.085 5.702 Bar. Press. 742 mme. 
2.060 4.7141 6.3114 1.301 6.1497 Water temp. 16.00 
2.655 5.039 5.974 1.586 7.452 Constant Gas Pate 0.98 
moles/hr. 
3.451 5.395 5.010 1.729 7.590 Gauge Pressure 1.0 run. 
4.251 5.736 4.676 1.987 8.2 
- 	
- 4.223x10 5mo1est 
14.950 5.998 It. 275 2.115 8.352 
(b) Wi th P t ether layer as barrier 
1.205 14.176 7.285 0.8776 14.933 Bar. Press. 749 ruis. 
3.0314 ,.2l3 5.258 1.595 7.183 Water Temp. 15.8 ° 
3.912 5.594 14.677 1.830 7.678 Content gas rate 0.98 moles  
/hr. 
14.651 5.889 14.617 2.148 8.559 Gauge press. 1.0 run. 
5.510 6.198 3.936 2.169 8.212 C,. - CL - 14.261 x 10 
moles/co. 
5.870 6.328 3.688 2.165 8.030 
(o) 	Co., absorption by 6.1 x 1O 	molar solution of CornDrox. 
1.893 4.637 5.6214 1.065 5.509 Bar. Press. 733 mms. 
2.561 5.005 5.658 1.14149 6.950 Water temp. 	16.00 
2.826 5.1147 5.875 1.660 7.738 Constant gas press. 0.98 
moles/hr. 
2.970 5.176 5.0146 1.498 6.954 Gauge press. 100 mn. 
3.209 5.288 14.852 1.557 7.082 C,, 	0, 	4.168 z 1075  
moles/cc. 
4.625 5.885 4.238 1.960 7.991 
TAILE 16  
Theoretioal values of the overall liquid film coefficient for the 
cojwater sy3tem according to 1gbie. 
Data used in Ca1cu1$tiofl! 
0G 01. (2) 	4.328 x io moles/cc. at 
16.00  snd 
(::) . 	
760 mine. pressure. 








1.229 0.3317 0.2699 8.7914 
1.720 0.3765 0.2190 9.766 
21076 0.14176 0.2011 10.19 
2,1427 0.14522 0.1863 10.59 
2.756 0.14804 0.1744 10.914 
3.576 0.5657 0.1581 11.149 
3.972 0.59147 0.11497 11.51 
14.3148 0.6330 0.11455 11.98 
14.711 0.6669 o.11416 12.114 
5.2141 0.7133 0.3361 12.38 
5.828 0.7661 0.1311 12.60 
TAAJA 1z  
Dimensions of tolueno jet at various flow rates. 
Conditions: Bar. Press. 7147 mme. 	Liquid. Tamp. 	16.2 0 *  
f ooa/eee. 1.258 [_1.8911 2.545 3.258 
- 
ii 0B• loins. at he 
0.000 R - 0.1889 
0.050 0.3377 0.3560 0.37214 0.3892 
0.100 0.2860 0.3109 0.3265 0.31409 
0.150 0.21479 0.2709 0.2895 0.3097 
00200 0.2226 0.2452 0.2658 0.2828 
0.250 0.20211 0.2245 0.21159 0.2642 
0.300 0.1856 0.2109 0.2319 0.2479 
0.350 0.1709 0.1977 0.2191 0.2331 
0.1400 o.16o8 0.1872 0.20714 0.2265 
0.1150 0.11498 0.1728 0.1977 0.2155 
09500 0.11421 0.1685 0.1903 0.2082 
0.550 0.1378 0.1630 0.1826 0.20011 
0.600 0.2319 0.1573 0.1763 0.1957 
0.700 0.1238 0.1487 0.1658 0.1845 
0.800 0.1187 0.1401 0.1557 0.1778 
00900 0.1121 0.1354 0.1526 0.1705 
1.000 o.1o66 0.1281 0.11475 O.1646 
19100 0.10147 0.1245 o.1146 0.1592 
1.300 0.0973 0.1172 0.13511 0.1506 
1.500 0.0930 0.1113 0.1288 o.1444 
1.700 0.0895 0.10714 0.12111 0.1389 
1.900 0.0860 0.10117 0.1203 0.1358 
2.100 0.0837 o.1o16 0.11614 0.1315 
2.600 0.0782 0.0946 0.10911 0.1241 
3.100 0.07113 0.0899 0.1051 0.1172 
3.500 0.0693 1 	0.0883 0.1o16 0.11140 
5.1402 jt end.. 
surface 3.6210 4.2302 11.7168 5.1696 Area 610CM8*1 
Vol. oce. 	i 0.2002 0.2753 0.3356 0.140143 
TABLE 18. 
Overall liquid film coefficients for the C 2ii/to1uene system. 
Conditions  
Bar. Press. 	747 nyas. 	Liquid Temp. 16.20  
flow rate of gas 1.02 moles/hr. 
gauge pressure 15 flhTflB. 
Data reguired.: C
G  W 100 
D(4) = 3.28 x 10 5 sq. om./aeo. at 15.00 




1.300 3.652 	0.2041 0.1570 4.87 1.735 1.631 
1.789 4.115 0.2612 o.l460 4.26 1.85 1.691 
1.891 4.231 	0.2722 o.1440 4.22 1.39 1.703 
2.093 4.393 0.2942 0.3.406 3.81 1.91 1.724 
2.8114 14.899 	0.3643 0.1295 3.23 1.85 1.796 
3.191 5.336 0.3980 0.1247 2.99 1.86 1.830 
3.576 5.3148 	0.4315 0.1207 2.77 1.855 1.861 
4.504. 5.780 0.14781 0.1037 2.50 1.87 
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NOMENCLATURE: 
A 	surface area of jet. 
AG = true gas concentration of Solute A. 
- fictitious gas phase concentration of A that 
would be in equilibrium with At. 
true concentration of A in the liquid at the 
intexfaoe. 
- fictitious liquid phase concentration of A that 
would be in equilibrium with the true gas 
concentration A. 
Cw mean concentration of solute in liquid stream. 
concentration of solute at interface. 
Ce  - concentration of a solution in equilibrium with 
the main gas stream. 
Oxt = concentration of A at point x in the liquid 
after time t. 
D = diffusivity of the solute in the liquid. 
Ed - eddy diffusivity. 
f - flow rate of jet 
h - distance from jet orifice. 
H 	Henry' s law constant. 
gas film coefficient. 
- overall gas film coefficient. 
kL = liquid film coefficient. 
XL 	overall ltutd film coefficient. 
M = molecular weight of solute. 
NA = rate of mass transfer. 
p - average partial pressure of the solute gas. 
pe 	partial pressure of solute in equilibrium with 
the main liquid stream. 
pi 	partial IresRure of thu solute gu.s at the 
interface. 
r - radius of jet at distance h from the orifice. 




II - Gas oonntant* 
a = the rate of surfaoe renewal. 
t - time of oontaot or time of existence of liquid 
surface. 
T - absolute temperature. 
V = volume of jet. 
W - dmouut of gas absorbed in time t per unit 
surface area. 
distance from liquid surface. 






surface tension dynes/om. 
dynamic surface tenelon, 
surface tension of water. 
surface tension of solution, 
root-mean-square velocity of 
gas molecules. 
fraction of solute molecules 
whiob penetrate interface. 
fraction of solute molecules 
which escape the liquid. 
. 	 I 	
-•- 	 -. 
4 1 
dh 
' 	 - - 	 - 
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